Ras genes potently drive human cancers, with mutated protooncogene GTPase KRAS4B (K-Ras4B) being the most abundant isoform. Targeted inhibition of oncogenic gene products is considered the "holy grail" of present-day cancer therapy, and recent discoveries of small-molecule KRas4B inhibitors were made thanks to a deeper understanding of the structure and dynamics of this GTPase. Because interactions with biological membranes are key for Ras function, Ras-lipid interactions have become a major focus, especially because such interactions evidently involve both the Ras C terminus for lipid anchoring and its G-protein domain. Here, using NMR spectroscopy and molecular dynamics simulations complemented by biophysicaland cell-biology assays, we investigated the interaction between K-Ras4B with the signaling lipid phosphatidylinositol (4,5)phosphate (PIP2). We discovered that the ␤2 and ␤3 strands as well as helices 4 and 5 of the GTPase G-domain bind to PIP2 and identified the specific residues in these structural elements employed in these interactions, likely occurring in two K-Ras4B orientation states relative to the membrane. Importantly, we found that some of these residues known to be oncogenic when mutated (D47K, D92N, K104M, and D126N) are critical for K-Ras-mediated transformation of fibroblast cells, but do not substantially affect basal and assisted nucleotide hydrolysis and exchange. Moreover, the K104M substitution abolished localization of K-Ras to the plasma membrane. The findings suggest that specific G-domain residues can critically regulate Ras function by mediating interactions with membrane-associated PIP2 lipids; these insights that may inform the future design of therapeutic reagents targeting Ras activity.
unique C-terminal polybasic region further aids in localizing K-Ras4B to lipid bilayers (11) (12) (13) .
It has long been established that interactions with cellular membranes are critical for signaling by Ras GTPases. The major outcome of these interactions is thought to be a temporal and spatial sequestration of a multicomponent signaling complex in the proximity of an activated growth factor receptor (14) . Although the majority of the research in Ras GTPase interaction with membranes has focused on their phosphatidylcholine and phosphatidylserine components, the interaction of Ras GTPases with phosphoinositides have been rarely studied.
Of the signaling lipid classes, phosphoinositides regulate key aspects of cell growth and proliferation. For example, PIP(4,5)P2 plays a critical role in endosomal vesicle trafficking to the apical as well as basolateral plasma membrane, assembly of the actin cytoskeleton, and communication with the extracellular milieu, whereas PI (3, 5) P2 is responsible for late endosomal trafficking (15, 16) . Under pathological conditions, phosphoinositides serve as key mediators of aberrant proliferation and survival signals, rendering them important targets for therapeutic interventions (17) . In the context of cancer, phosphoinositides were shown to be major regulators of cell motility, invasion, and metastasis (18 -20) . Recent studies revealed several classes of transmembrane receptors and ion channels might be regulated by PIP2, or at least bind this signaling lipid with considerable affinity (21) (22) (23) . Thus, PIP2 signaling may result in a cell-global concerted response to environmental changes.
It is, therefore, likely that localization if not activity of Ras GTPases is also affected by changes in nearby levels of PIP2 and PIP2 itself may be clustered locally by certain proteins (24, 25) . Furthermore, PI3K is a major effector of Ras, which when activated by the GTPase generates PIP3 from PIP2(4,5) (26), whereas PLC␤ and -␥ are regulated by Ras to break down PIP2 (27) (28) (29) (30) . Potentially, PIP2 and Ras could be involved in positive or negative regulatory feedback loops. PIP2 is known to play a role in K-Ras localization in cells (31, 32) but the mechanism is debated and remains unclear (e.g. Ref. 33) . At the protein level, we have the opportunity to understand the molecular (structural/dynamics) details of the interactions, and especially in the context of HVR isoform-and compartment-specific Ras signaling those rules are just beginning to be uncovered. For example, a number of studies have established that the dynamic interac-tions of the Ras HVR motifs with membranes modulate the targeting of Ras to the cell surface or to intracellular organelles (34 -36) . In addition, different HVR motifs in Ras isoforms also specify localization within plasma membrane subdomains (37, 38) and recently the Hancock laboratory (33) showed how mutations or phosphorylation in the K-Ras4B HVR can switch phosphatidylserine to PIP2-mediated membrane localization.
However, we and others have substantiated the view that the Ras G-domain-lipid interactions can also play a significant role in determining the protein's configuration (i.e. G-domain orientation) and dynamics at the membrane. For example, recent computational investigations suggested the participation of the K-Ras.G12V G-domain in binding with POPS membrane (39 -42) and with PIP2 containing membranes (42, 43) . Experimental work by Ikura and colleagues (44) also provided evidence that the K-Ras G-domain exists in several distinct orientations when contacting a bilayer of POPS lipid membrane. However, a detailed experimental study on K-Ras4B-PIP2 interactions has been missing.
Here, we utilized in vitro binding assays, NMR spectroscopy, computational simulations, and cell function experiments to study the K-Ras4B interaction with a PIP2 containing membrane. Our data clearly demonstrate a direct interaction between K-Ras4B and PIP2, also of the GTPases's G-domain and we provide structural details of the interactions and K-Ras4B orientations relative to the lipid bilayer. Last, the functional relevance of K-Ras4B-PIP2 interactions are corroborated when key residues are mutated and such PIP2 bindingcompromised GTPases are examined in cell-transformation activity and intracellular localization experiments. Implications of these findings for Ras localization and function in cell signaling are discussed.
Results

Full-length as well as HVR-truncated K-Ras4B binds to PIP2 and other specific lipids
Lipid strip assays were first carried out to screen the lipids that can bind to unmodified K-Ras4B (the HVR is not lipidated or tuncated, as we are interested in the initial membrane interactions that the Ras G-domain may make). Fig. 2 shows the results for the binding of full-length (top) and HVR-truncated (bottom) K-Ras4B with different lipids. It can be seen that full- Figure 1 . Structure of K-Ras. A, structure of K-Ras4B (G12V, 1-169) is shown in ribbon representation with lobes, nucleotide, and switch regions highlighted as follows: lobes 1 and 2, as well as the switch regions shown in cyan, green, and dark orange, respectively. The bound GTP is shown in stick representation and the Mg 2ϩ ion as a cyan sphere. B, sequence alignment of the HVR domains of K-Ras, H-Ras, and N-Ras (formally starting at 167/170), with posttranslational lipid modifications, but not carboxy-methyl truncations indicated. Pal and Far refer to palmitoylation and farnesylation sites, respectively.
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length K-Ras4B can bind to singly phosphorylated inositol phosphates, PIP2, PA (weakly), and phosphatidylserine (PS). Comparing the results of full-length and truncated K-Ras, overall, lipid binding with the full-length K-Ras is stronger. Additionally, when the HVR domain was truncated from K-Ras4B, the interactions with some lipids were abolished (e.g. PA and PI (3, 4) P2 especially, in case of truncated K-Ras.S17N). These observations suggest that the HVR of K-Ras is necessary for binding these lipids. However, binding with singly phosphorylated inositol phosphates, PI(3,5)P2 and PI(4,5)P2, are maintained for HVR-truncated K-Ras proteins both in G12V.GTP and S17N.GDP forms, although the binding with PIP2s is clearly weaker, compared with the full-length protein. Nussinov, Gaponenko and co-workers (45) showed a lipid-strip assay of GDP-loaded K-Ras4B in a Current Opinions Review. This overall is consistent with our data showing that PA binding is associated with the full-length protein. In summary, our observations show that the K-Ras4B G-domain binds with selective lipids.
K-Ras4B binds to PI(4,5)P2
Our lipid-strip assays showed that K-Ras4B can interact with PIP2s including PI(3,4)P2, PI(3,5)P2, and PI(4,5)P2. This study specifically focuses on the binding between K-Ras4B with signaling lipid PI(4,5)P2. To further confirm the binding between K-Ras4B and PI(4,5)P2, microscale thermophoresis (MST) was employed, also for measuring the binding affinity. The purified K-Ras4B protein was fluorescently labeled with NT-647 dye, and then titrated against PIP2-doped liposomes (5% PIP2, 95% DOPC). A representative dataset for full-length unmodified and HVR-truncated K-Ras4B is shown in Fig. 3 , and the fitted K d is 28 Ϯ 7 M, indicating a moderate binding between K-Ras4B and PI(4,5)P2 in vitro. However, the binding of HVRtruncated K-Ras to these liposomes is significantly decreased (about 9-fold) pointing to the importance of the HVR to enhance affinity. We similarly studied a number of G-domain mutants, designed to disrupt PIP2 binding (see below).
K-Ras4B on PI(4,5)P2 membrane-interface and orientations studied by NMR
The NMR spectrum of HVR-truncated K-Ras4B.GDP has been assigned (46) and we first sought to characterize PIP2 lipid binding to the K-Ras4B G-domain by use of the lipid headgroup, IP3. However, the perturbations to the NMR spectra were both small and distributed across the protein, making it unlikely that all changes reflect the true configurational states at a lipid bilayer surface (see Fig. S1 and Table S1 ). Recent developments in NMR have made it possible to study integral membrane proteins using lipid bilayer-like discs, bicelles or nanodiscs, up to 10 nm in diameter (47, 48) . Here, we next used PIP2-doped nanodiscs. Slightly smaller perturbations were seen compared with the lipid headgroup, overall affecting a similar number of resonances ( Fig. S2 ) and the data were not analyzed further. It is possible that nanodiscs are too small to allow good diffusion of the lipid spin label (approximately 2 per disc), which may on average also occupy a noninteracting side. However, increasing the spin label concentration did not improve the discrimination between interacting and noninteracting residues, suggesting, as an alternative that K-Ras may interact nonspecifically and transiently with the disc-bounding peptide in the absence of membrane anchoring. Thus, we decided to go to an even bigger membrane model system, large unilamellar vesicles, or liposomes.
NMR spectroscopy is a unique method for the characterization of weak and dynamic interactions (49, 50) . As mentioned Figure 2 . Lipid-strip assay shows binding and that the interactions are lipid, HVR but less so GTPase-state selective. A, full-length K-Ras4B (1-188); and B, HVR-truncated K-Ras4B (1-169) as (i) G12V constitutively active mutant initially loaded with GTP, (ii) dominant-negative mutant S17N, bound to GDP. Note that images in B were collected for 8 min, whereas in A, a 2-min data collection was used. by contrast to the studies of Ikura and colleagues (44), we do not have an anchoring of K-Ras4B to the membrane via a lipidated C terminus. The latter would likely lead to more persistent membrane contacts and, even with a nanodisc, a corresponding increase in the molecular correlation time, resulting in an extensive line broadening, especially of the backbone resonances (44) . In our case interactions are very transient to the extent that with a liposome (of 100 nm in diameter), effects are due to proximity of a spin label, such as paramagnetic ion gadolinium (Gd 3ϩ ), far outweigh the effects due to transient attachment and large correlation times. In such a context, PRE appears to be a sensitive tool for transient interactions (51) (52) (53) (54) . Fig. 4A shows the superimposed 15 N-1 H HSQC-TROSY spectra of full-length K-Ras4B.G12V with PIP2-doped DOPC lipid vesicles without (red) and with (green) a Gd 3ϩ spin-labeled lipid. A decrease in peak intensity indicates proximity to the spin-labeled lipid, taken as binding to the liposome. Fig. 4B is a plot of the peak intensity ratio versus protein sequence (only to residue 159, as the remainder has not been assigned. Many signals in the center of the spectrum, fully shown in Fig. S3 , overlap and, thus, are not clearly attributable, with some likely belonging to the HVR.) The intensity of a good number of NMR signals from the amide groups in the G-domain are perturbed, indicating the involvement of these residues in binding that brings them close to the spin label. Specifically, the perturbations are mainly in the catalytic lobe and fewer in the allosteric lobe. In the catalytic lobe, the perturbations are mostly located at strands ␤1, ␤2, and ␤3, the C terminus of ␣3. In the allosteric 15 N-1 H HSQC-TROSY spectra of full-length K-Ras4B.G12V recorded at 800 MHz and 37°C, in the presence of PIP2-doped DOPC lipid vesicles without (red) and with (green) Gd 3ϩ spin-labeled lipid (the full range spectrum is shown in Fig. S3 ). B, peak intensity change as a function of protein sequence. The residues decreased Ͼ15% in peak intensity are shown as blue bars, the residues increased Ͼ15% in peak intensity are shown as red bars, and the residues changed within Ϯ 15% are shown as green bars. Residue positions not assigned in the NMR spectrum are left blank, but the data are shown as UN1 to UN27 at the end of the sequence. The K-Ras4B switch regions as well as the secondary structure are indicated at the bottom. C, peak intensity changes are mapped to the 3D structure of K-Ras4B.G12V (PDB 4TQ9) and are displayed as two orientations of the protein. The color scheme is same as B, with unassigned residues shown in gray, and the switch regions shown in orange (the location of the C terminus is indicated by an asterisk).
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lobe, the perturbations are mainly at the termini of ␤6 and the loop between ␤6 and helix ␣5, occasionally at helix ␣3. Table S1 lists the residues that are implicated by these data to interact with the PIP2(4,5)-doped liposome. Those residues were mapped to the 3D structure of the K-Ras4B G-domain, as shown in Fig. 4C . The distribution of these residues suggests that not all residues involved in interaction can be simultaneously satisfied by a single protein-lipid interface. This indicates a dynamic equilibrium between at least two orientations of K-Ras4B on the PIP2 membrane, employing different sites of K-Ras for membrane association.
We further investigated the interaction of HVR-truncated K-Ras with the PIP2-doped liposome. Fig. 5A shows the plots of the peak intensity ratio versus protein sequence. Several residues in the G-domain still experience diminished peak intensity, confirming the interaction between truncated K-Ras4B and the PIP2 liposome. The perturbed residues in truncated K-Ras include part of the ␤2and ␤3-strands in the catalytic lobe. Similar to the full-length protein, peaks from residues located in ␤6 and in the turn between ␤6 and helix ␣5 experience the most significant intensity changes, as well as for two unassigned residues. A mapping of perturbed residues onto the 3D K-Ras structure is shown in Fig. 5B . However, the extent of intensity change is diminished compared with the full-length K-Ras, consistent with the other experiments above, which showed that binding is more transient for HVR-truncated K-Ras. Furthermore, the perturbed residues are much less spread out in the protein sequence, possibly because the HVRlipid interaction also creates longer range effects in the fulllength protein. Nevertheless, again the distribution of these residues in the structure is better accommodated by two or more orientations of K-Ras4B on membrane than by a single orientation.
K-Ras4B on PI(4,5)P2 membrane-interface and orientations studied by simulation
All-atom classical MD simulations were also used to examine the K-Ras4B regions that interact with PIP2. Because the re-orientation of the K-Ras4A GTPase at membranes is slow (42), simulations were started with two orientations of K-Ras4B (orientation states OS1 and OS2) previously predicted by more extensive simulations at a POPS containing bilayer (40) . Then simulations of K-Ras4B interacting with a PIP2 containing membrane were performed for 380 ns, sufficient to allow clustering of PIP2 near the protein. The results show that the two orientations have remained stable over the course of each of the trajectories. It should be noted that for our previous K-Ras4A (42) and K-Ras4B (40) simulations with PIP2, primarily the OS1 state was found to be populated (similar to O3 in Li and Buck (42) ). The OS2 started simulation may not be able to interconvert to OS1 on the timescale of the current simulations, also having been stabilized by PIP2 contacts; such transition was seen, however, by Gregory et al. (43) using a membrane model with increased fluidity.
Snapshots for the final configurations of K-Ras4B with respect to the membrane are shown in Fig. 6A . In both orientations, the G-domain as well as the HVR domain contact the membrane. But the two orientations involve different regions of the G-domain. In the OS1 orientation, the interaction mainly involves ␣-helices 3 and 4 in the globular domain, whereas the OS2 orientation primarily involves the ␤-sheet and ␣-helix 2. Fig. 6B shows the specific residues that frequently contact the membrane during the simulation. The HVR region in both cases involves a large number of contacts with the membrane, due to the insertion of the farnesyl group into the membrane as well as the favorable interaction between the multiple lysine 
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groups (stretch 175 KKKKKKSKTK 184 of the HVR) and the membrane. In the G-domain, the membrane contacting residues are mostly positively charged residues. But several negatively charged residues also participate in interactions with the membrane, such as Glu-3, Glu-107, and Asp-132 (Table  S2 ). Although the positively charged residues directly interact with PIP2 phosphate groups in membrane, the interaction between some of the negatively charged residues and the PIP2 phosphate was revealed to be bridged by the Na ϩ ions, as shown in Li et al. (42) and in Fig. 6C , with representative interactions between Arg/Lys/Glu residues and PIP2 lipid. Overall, the electrostatic interactions likely play a major role in K-Ras interaction with the PIP2 in the membrane. Moreover, residues showing high contact frequency with the membrane in simulations are consistent with the NMR experimental results, not only the exact same residues but also close-by residues in the experiments (also considering gaps in the experimental data because not all assignments could be transferred to our spectra). Examples are Lys 
The majority of lipid-binding defective mutants show decreased lipid affinity
Following the indications of PIP2-binding sites at several regions of the G-domain, we investigated the binding of several mutants of K-Ras.G12V with PIP2-doped liposomes by MST, as detailed above. The rationale for choosing the sites was severalfold. The NMR and simulations data above suggest a number of surface clusters of residues that are involved in K-Ras4B-PIP2 interactions. Thus we chose K16E (next to Ser-17), D47K, D92N, D126N, as well as K165E/K167E (at the end of the G-domain). E49K, R135A, K147E, and R164Q fulfill the above criteria but are also cancer-associated mutations (missense, nonsense but also as silent mutations) (56) and appear in the COSMIC database (57)). K88E was included as a residue that is not involved in a cluster and thus unlikely to be involved in PIP2 binding. K104M was included because Lys-104 is a target of posttranslational acetylation. In all cases, except for K16E, binding affinity to liposomes was reduced at least 3-fold, in many cases 9-fold or more ( Table 1) .
The effect of mutations on biological function: excluding an effect on intrinsic and regulated GAP and GEF activity of K-Ras4B by use of in vitro assays
We first examined the hydrolysis and exchange activity of K-Ras4B, including both intrinsic activity and stimulated activity by regulatory proteins p120Ras as a GTPase-activating protein (GAP), and SOS as a guanine exchange factor (GEF). If the mutants are greatly altered in their hydrolysis and exchange activity, it is clear that the mutations already have effects solely on the K-Ras protein, even though they probably also affect the lipid binding of the GTPase core region.
The measured intrinsic and stimulated hydrolysis rates are shown in Fig. 7A . The K-Ras4B.G12V constitutively active form was used as negative control. The activity of the other mutants were calculated relative to the WT (the stimulated hydrolysis activity of WT with p120Ras GAP was scaled to 100). Among the 11 mutations, the K16E mutation substantially decreases (essentially disrupted) the p120 GAP-stimulated GTP hydrolysis rate compared with the WT, whereas apart from the K104M and K165E/K167E mutations, all others increase the p120 GAP-stimulated GTP hydrolysis rate compared with the WT. The intrinsic and stimulated nucleotide exchange rates are shown in Fig. 7B . The K-Ras4B.S17N mutant is a dominantnegative form in vitro and was used as negative control. Among the 11 mutations, the K16E and K147E mutations substantially decrease the SOS GEF-stimulated exchange rate compared with that seen with the WT GTPase. The other mutations show little/no significant changes.
Effect of mutations on K-Ras4B transforming activity
Next we wished to study the role of lipid binding in the biological activities of the mutants of oncogenic K-Ras4B. G12V in intact cells. We employed the established ability of this mutant protein to induce the loss of contact inhibition in confluent cultured fibroblasts (58) , an accepted surrogate for oncogene-induced cell transformation (59) . The cell transformation results of K-Ras4B mutants are shown in Fig. 8 . Mutations of the following residues caused a significant impairment in the focus formation activity of K-Ras4B.G12V: Lys-16, Asp-47, Asp-92, Lys-104, Asp-126, and Lys-147. Among these, the effect of mutations K16E, D47E, and K147E is not attributable to disruption of lipid binding alone, because these mutations altered the GAP or GEF activity too (see Fig. 7 ). By contrast, we have shown that mutations D92N, D126N, and K104M have essentially unaltered nucleotide hydrolysis and exchange activities. The 
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impairment in the focus formation, thus, lends direct support for the involvement of these residues in lipid binding and that the lipid binding is essential for the protein's biological activity.
Effect of mutations on intracellular localization of K-Ras4B
We further examined how mutations of lipid-binding residues affect K-Ras4B's intracellular localization in cultured cells. Fig. 9 shows results from microscopy experiments, where trans- . GAP and GEF activity of designed K-Ras4B mutants. Assays were carried out for the intrinsic and p120Ras GAP-aided GTP hydrolysis activity and for the intrinsic and SOS GEF-stimulated nucleotide exchange activity. A, representative time courses of intrinsic and p120 GAP-stimulated GTP hydrolysis activities are shown for K-Ras WT and G12V. B, representative time courses of intrinsic and SOS GEF-stimulated exchange activities are shown for K-Ras WT and S17N. C, histograms of relative intrinsic and p120 GAP-stimulated hydrolysis activities of K-Ras constructs, with intrinsic hydrolysis activities shown in red, and stimulated hydrolysis rates shown in blue (WT K-Ras was scaled to 100%). D, histograms of relative intrinsic and SOS GEF-stimulated exchange activities of K-Ras constructs, with intrinsic exchange activities shown in red, and stimulated exchange rates shown in green (WT scaled to 100%). Note: the intrinsic rates in C and D and their uncertainties are plotted as multiplied by a factor of 3 to increase visibility.
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fected K-Ras4B alleles were visualized with anti-K-Ras immunofluorescence and the actin cytoskeleton highlighted with fluorescently-tagged phalloidin. As anticipated and reported earlier (60) , we observed the localization of the constitutively active K-Ras (G12V) allele at the cells' periphery, along with cortical actin that marks the plasma membrane. However, dif-ferent mutations of lipid-binding residues have different impact on K-Ras localization. The K104M mutation completely disrupted plasma membrane localization, indicating that this residue indeed is critical in lipid binding or for another process involving intracellular localization of K-Ras4B. This provided a direct explanation for the inactivity of this construct in the transformation assays ( Fig. 8 ). On the contrary, the D92N and D126N alleles did not significantly affect the localization, and remained localized at the cells' periphery. But meanwhile transformation assays show that these two constructs substantially diminished the foci activity of NIH3T3 fibroblasts. The possible explanation is that these two residues indeed are involved in K-Ras-PIP2 membrane binding and tune the orientation of K-Ras at the membrane. Changes of K-Ras4B orientation on the membrane rendered K-Ras4B unable to bind certain downstream regulators, subsequently diminishing the transformation activity.
Discussion
Our experimental data from a lipid-strip assay, solution NMR spectroscopy, microscale thermophoresis, and also all atom molecular dynamics simulations clearly show that K-Ras4B directly interacts with PIP2. Binding is more extensive and appears stronger when several protein sites are involved simultaneously, consistent with the concept of binding avidity (multivalence) (61, 62) . In fact, most mutations at the suggested binding sites substantially (3-6 -fold) diminish affinity, but do not outright abolish it (Fig. 3, Table 1 ). We confirm that the interaction of K-Ras4B with PIP2 involves both the G-domain and the HVR region, as shown by experiments where the HVR was truncated. Furthermore, our NMR data and also previous simulations with K-Ras4A and PIP2, suggest that the G-domain samples multiple orientations relative to the PIP2 membrane (42) . Such dynamic protein configurational states at the membrane are likely to be important for cell signaling kinetics (see below).
Involvement of the G-domain of K-Ras GTPases in binding to PS containing membranes has been previously reported in several papers. In a simulation study, Prakash et al. (40) reported the involvement of helices 3 and 4, and ␤-strands 1-3, as well as helix 2 on the opposite face of the catalytic domain in the K-Ras4B G12D interaction with POPS/POPC bilayers. More recently, the interaction of C terminally membrane-anchored K-Ras4B with PS was also studied experimentally by Ikura and colleagues (44, 63) using nanodiscs. This study revealed two, if not possibly more, orientation states, but also suggested a GTPase nucleotide and effector-bound state-specific shift between these states. However, as mentioned in the Introduction, allosteric residue/residue and residue/solvent networks (e.g. Ref. 64) have been described for Ras, which propagate changes that occur in the catalytic domain/switch regions to other regions in the protein. Thus, in principle it is possible that the interpretation of the NMR data by us (and others) in terms of an equilibrium between multiple orientations needs to be considered with caution. An argument against local or longrange conformational changes in our study is the lack of perturbation to the chemical shifts of the NMR resonances. Although in our study membrane-nanodisc/liposome interactions are EV indicates untransformed cells. K-Ras4B.G12V and K-Ras4B.S17N were included as positive control and negative control, respectively. The foci formation activity of the designed K-Ras4B mutants were all based on the oncogenic G12V background. 
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very transient, this is not the case in other studies (40) . Although it is possible that the allosteric change upon membrane binding is dynamic, as has been seen in some GTPases (65) and may contribute, similar to the spin labeling effect, to a broadening of resonances, we find the effects on NMR signal line widths are very local. The same argument about the transient nature of the membrane-bound state applies in in our study: the population of such states would not be large enough to detect any allosteric effects.
In general, our results for K-Ras4B at the PIP2 membrane are in good agreement with this experimental study of K-Ras4B at PS containing nanodiscs (40) . Although orientation 1 (OS1) resembles the GTP state orientation, orientation 2 (OS2) resembles the GDP state orientation in their paper, there are also some differences, which likely arise because of the different nature of PIP2 compared with PS lipid. Specifically, PIP2 has a Ϫ3 charge compared with the Ϫ1 charge of PS and also has a larger headgroup. As we discussed in Li and Buck (42) , the electrostatic interaction between K-Ras and PIP2 dominates the binding, and thus may account for the orientation change of K-Ras on PIP2-containing membranes (increased population of OS1-like states). However, it is worth noting that in the experimental study K-Ras was bound to the membrane via a thiolreactive maleimide-functionalized lipid (40) . By contrast, our K-Ras is not anchored to the membrane and thus our experiments report more on transient events, rather than tightly bound states or the transitions between them. Thus, the similarity between the results of these two studies indicate that the transient encounters occur with orientations, which are equivalent to those seen in the more persistently membrane-bound G-domain. This is consistent with the observation that there are no significant medium-or long-range contacts between the G-domain and the HVR in these simulations (40 -42) . Overall these findings are consistent with the emerging view that whereas the HVR plays a major role in lipid binding selectivity and in strengthening Ras-membrane interactions (33) , the orientation states of the G-domain are closely related to the identity of the Ras GTPase, with the HVR playing a minor role (66) .
The interactions of the G-domain with the membrane imply that they may help the GTPase to associate with membranes prior to C-terminal lipidation or in other settings, such as binding to the mitochondrial outer membrane, where lipidation is not needed (67); thus our in vitro biophysical study was carried out with the full-length but nonlipidated protein, or with nonlipidated HVR-truncated protein. Such interactions between the G-domain and PIP2 containing membranes could be especially relevant biologically in cases where the lipid group is not yet attached, or when it is occluded by other GTPase regulators, such as phosphodiesterase (PDE␦) (68), or other lipid binding/ GTPase chaperone proteins (69) . Although it is long established that lipidated HVRs helps Ras GTPases anchor to the membrane, decades of research into the development of compounds that interfere with HVR lipidation, processing, and subsequent binding to membranes have failed to provide effective therapeutic reagents (70, 71) . Thus the binding interface between G-domain and membrane may provide a novel avenue to target K-Ras, as indeed has been very recently reported (63) .
Electrostatic interactions likely play an important role in K-Ras4B binding with PIP2. As shown in the contact frequencies analysis of the simulation results, protein-charged residues have a high frequency of contact with PIP2 in the membrane. But different from our intuition, not only positive but also negative residues participated in binding with the anionic PIP2 membrane. Although the positively charged residues interact directly with the negatively charged PIP2 headgroup, negatively charged residues can be indirectly bridged with PIP2 by sodium ions. This is supported by NMR results also in that multiple residues identified by NMR in K-Ras4B binding with PIP2 are immediately adjacent to the corresponding charged residues listed in the contact frequency analysis of simulation. The role of negatively charged residues and bridging sodium ions was first suggested in our recent simulation study of K-Ras4A binding with PIP2 lipid (42) . At the same time work by Hancock and colleagues (33) have also implicated a role of hydrogen bonding of Arg versus Lys side chains and even for hydrophobic interactions between the HVR and lipids. We do not know whether the interactions can also be cation specific, although preliminary experiments suggest a 3-fold weaker binding to PIP2 membranes in the presence of both 50 and 250 mM KCl, compared with NaCl. Such interactions need to be investigated further experimentally and computationally, due to their importance for K-Ras (e.g. a reduced Na ϩ /K ϩ voltage gradient across the membrane has been shown to enhance interactions of K-Ras with PS containing membranes by Hancock and colleagues (72) ) and other G-domain systems (G-protein gated channels (e.g. Ref. 73 ) and the A2A GPCR (74)). Calcium is known to bind to some small GTPases (75) but also causes a clustering of PIP2 (76, 77) .
The interaction of K-Ras4B with a PIP2 containing membrane is dynamic rather than fixed, likely more so because, as noted in this study, K-Ras is not membrane anchored. Mentioned under "Results," we were able to exploit the sensitivity of NMR to dynamics on a range of different timescales and record PRE-data upon binding to liposomes, doped with PIP2, and spin-labeled lipid. From our results, we propose there is an equilibrium of unbound protein and multiple orientations of K-Ras4B that are bound to the PIP2 membrane. This may be important for the diverse functions of K-Ras. The G-domain of Ras GTPases binds GDP/GTP and associates with effectors, GEFs and GAPs (8) . The multiple orientations thus enable K-Ras to interact with certain regulatory and effector proteins at different contexts, whereas hindering the interaction with others. Indeed, a recent nuclear magnetic resonance (NMR) study of K-Ras proposed that orientation preference of K-Ras4B at the POPS bilayer membrane is nucleotide dependent (44) . Specifically, the GTP state K-RAS4B binding with membrane occludes its interaction with effectors. On the contrary, GDP state K-Ras4B, as well as in the oncogenic G12D mutant, the G-domain interaction with membrane exposed its binding interface for effectors and regulatory proteins (44) . Another simulation as well as experimental study showed that H-Ras sampled two major orientations on a DOPC bilayer, and that the population of the two orientations can be tuned by mutating residues in the Gversus the HVR domain (39) . Simulation studies on K-Ras also suggested two major orientations
of K-Ras at a DOPC bilayer (78), a L-␣-dimyristoylphosphatidylcholine bilayer (79) and at POPC/POPS bilayer (40) . So the multiple orientations of K-Ras4B on a PIP2 containing membrane may not be unique but are probably a common phenomenon in interactions of different GTPases with different lipids.
PIP2 binding to K-Ras4A (42) and here K-Ras4B, appears to stabilize an OS1-like state (denoted O3 in our previous paper), which has the effector and regulatory binding switch regions exposed to the cytoplasm and thus is expected to increase the signaling function of the GTPase, relative to other membranebound states that occlude these regions. How the membrane regulates the functions of K-Ras in a live cell environment, however, is rather complicated.
First, K-Ras can be posttranslationally modified by phosphorylation, nitrosylation, ubiquitination, or acetylation on certain residues, all of which may affect GTPase function and targeting. In the case of the mutation of Lys-104, this will affect a primary acetylation site. Yang et al. (26) showed that the K104Q mutation (an acetylation mimic) suppressed transformation activity (similarly to K104M in our case) but by contrast to our results did not affect localization to the plasma membrane. Another more recent study found K104Q compromised both GEF and GAP activity, but had no effect on cell transformation, possibly due to compensatory mechanisms in the cell (80) . Our results are different in that K104M has normal GEF and GAP function, but is compromised in its localization and transformation ability. The former results may be explained by the methionine side chain being of similar geometry to lysine, in our case, whereas the latter may indeed also be due to a difference in residue side chain character, with glutamine still being able to hydrogenbond and interact with PIP2, whereas a methionine may not be able.
Second, the concentration of PIP2 in membranes can vary, but is thought to be 2-3% overall (25) . The lipid-strip assay presents pure lipid species at high concentrations and therefore is not very physiological. By contrast, our study with 5% PIP2doped DOPC nanodiscs and liposomes is closer. It is becoming established that certain microdomains or compartments contain higher concentrations of PIP2 as well as other lipids (81, 82) . In addition, membrane curvature and packing defects are likely to play a role, especially for protein-lipidated tail insertion or partial protein insertion into membranes. It is intriguing that PIP2 accumulates that on curved membrane segments (83) and may thus be helpful in stabilizing certain Ras orientation states in such compartments, such as the endoplasmic reticulum, where lipidation and processing of the Ras C-terminal HVR occurs (11) . Although our liposomes have considerable curvature compared with the nanodiscs that are assumed to be flat, we notice a slightly higher binding affinity of PIP2 for the K-Ras G-domain in the former, this topic awaits further study.
Third, membranes are a complex mixture of several lipids (e.g. Ref. 16 ) and local clustering of lipids (and the involvement of proteins in this process) is just beginning to be understood (62, 84) . For example, it may be expected that the PS can, to some extent, mask, if not compete with protein-PIP2 interactions in physiological membranes. However, this could be protein specific as indicated by one recent study, where the apparent K-Ras4B-lipid interaction specificity could be switched by a lysine to arginine mutation or Ser-181 phosphorylation in the HVR region (33) . K-Ras clustering seems to have the ability to sort certain lipids, depending on the character of the long acyl chain, noting that in most studies, such as ours, synthetic lipids are used. Thus, the cellular behavior may involve lipid species, also of PIP2 that have not been tested in vitro or in model system.
Fourth, several studies have provided evidence for the existence and biological relevance of Ras dimers, establishing a new mechanism for regulating Ras activity (85, 86) . Research by the Hancock group and others (87) (88) (89) (90) have shown that N-, K-, and H-Ras assemble into higher order oligomers and nanoclusters, and do so in an isoform-specific manner. However, recently, neither K-Ras dimerization, nor clustering could be shown on supported lipid bilayers with a range of lipid compositions, suggesting that additional proteins, e.g. the cytoskeleton as a scaffold, may be required (91) . The situation in cancer cells is likely even more complicated, due to the different types of K-Ras mutations (recently by Ambrogio et al. (92) ), and mutations/ abnormal expressions of Ras-regulating proteins and signaling lipids too.
To resolve the mechanism of Ras regulation by membranes, further experimental and computational studies of Ras cancer mutants, of post-translationally modified forms of Ras, of Ras in complex with regulatory proteins, of dimers and oligomers of K-Ras, all at the membrane, will be needed. The issue of allostery within Ras has only been considered in a relatively few studies and whereas difficult to examine experimentally, networks showing either conformational and/or dynamic allostery can be analyzed computationally. In addition, most effector proteins bind to the Ras GTPases at the membrane. For example, our laboratory has recently published a simulation study of K-Ras-C Raf (CRD-RBD domain) complexes at a POPS membrane (93) , which illustrated the complexity of such systems when the effector protein domains interact with the membrane as well.
Concluding Summary
The present data provide, to our knowledge, the first experimental study of Ras-membrane interaction using liposomes and NMR, and also provide a residue level structural report of the K-Ras G-domain binding to PIP2. Binding to PIP2 likely provides an additional mechanism to tune, if not regulate GTPase signaling activity in cells.
Experimental procedures
Protein constructs, expression, purification, and site-directed mutagenesis
The cDNA for human K-Ras4B (residues 1-188) was obtained from the cDNA Resource Center at Bloomsburg University and subcloned into pET28a using NdeI and BamHI restriction sites. HVR-truncated K-Ras4B (residues 1-169) and the mutants were made using the QuikChange Lightning site-directed mutagenesis kit (Agilent). A subgroup of residues that are identified in K-Ras-PIP2 membrane binding were selected for mutation, as detailed in the main text. Transformed Escherichia coli strain BL21(DE3) bacteria (Novagen) were grown at 37°C in LB, and induced with 1 mM isopropyl 1-thio-␤-D-ga-
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lactopyranoside for expression at 25°C overnight. Bacterial pellets were resuspended in the following buffer: 20 mM Tris-HCl, 150 mM NaCl, 0.5 mM TCEP (tris(2-carboxyethyl)phosphine hydrochloride), 4.0 mM MgCl 2 , pH 7.5, with added protease inhibitors (phenylmethylsulfonyl fluoride, 1 mM; benzamidine, 10 mM; leupeptin, 42 M; antipain, 3 M). Following sonication, lysates were clarified by centrifugation and recombinant proteins were purified from the supernatant using nickel-nitrilotriacetic acid-agarose (Qiagen). K-Ras proteins were dialyzed against NMR buffer (20 mM Tris-HCl, 20 mM NaCl, 1 mM TCEP, and 4 mM MgCl 2 , pH 7.4). Purified proteins were Ͼ90% pure identified by SDS-PAGE. For NMR experiments, K-Ras was 15 N uniformly labeled by growing bacteria in M9 medium containing 15 NH 4 Cl as the sole nitrogen source.
Similar to other protocols, initially K-Ras.WT, G12V, and mutant proteins were loaded with nucleotides (GTP or its nonhydrolyzable analog, GMPPNP) by incubating 100 M freshly purified protein with 0.5 mM nucleotide in 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM EDTA, 2 mM DTT at 30°C for 10 min. The reaction was stopped by adding 50 mM MgCl 2 . A PD-10 Sephadex G-25 desalting column was used to remove the excess nucleotide, and to change the buffer to 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM TCEP, 4 mM MgCl 2 . To our surprise, this protocol did not work well and a TLC assay showed that K-Ras WT remained bound to GDP, whereas G12V was initially bound to GTP, but hydrolyzed to GDP over several hours at room temperature. Thus, to obtain fully loaded K-Ras, the more elaborate loading protocol with a phosphatase to hydrolyze GTP and GDP is needed (63) . The catalytic domain of p120 RasGAP (a gift from Dr. R. Ahmadian) was subcloned into pET28 and expressed and purified as described previously (94) . The SOS catalytic domain in a pProExHTb vector was gift from Dr. J. Kuriyan. This protein was expressed and purified as described (95) . Proteins were placed at 4°C on ice for immediate use or flash frozen with an additional 5% glycerol and stored at Ϫ80°C.
Protein-lipid overlay assay
Nitrocellulose lipid strips (P6001 from Echelon Biosciences) were blocked with 3% fatty acid-free BSA in TBS (10 mM Tris, 150 mM NaCl, 1 mM TCEP, 4 mM MgCl 2 ), pH 8.0, 0.1% Tween 20 (denoted TSB-T) for 1 h, and incubated for 1 h with 100 nM purified His-tagged K-Ras in the same TBS-T buffer, but adjusted to pH 7.0 at room temperature. The membranes were then washed three times in TBS-T buffer at pH 7.5 for 5 min each. After washing, membranes were incubated with monoclonal anti-His 6 antibody (Pierce) at 1:1,000 dilution for 1 h at room temperature, followed by additional washing and incubation with goat anti-mouse IgG horseradish peroxidase-conjugated antibody (Santa Cruz) at 1:2,000. After final washing 6 times for 5 min each with TSB-T, pH 7.5, membrane-bound K-Ras was visualized by chemiluminescence (WesternBright ECL from ADVANSTA) for 1 min (96) . The protein was detected for 1-20 min exposure using FluorChem E (Protein Simple) and the image was processed in Alphaview software (ProteinSimple) to reverse black/white).
Liposome preparation
All lipids and lipid headgroups were purchased from Avanti Polar Lipids Inc. For the full-length lipids, as a first step, the lipid-chloroform solutions were dried under nitrogen gas, and then hydrated in 20 mM Tris-HCl, pH 7.4, 20 mM NaCl, 2 mM TCEP, and 4 mM MgCl 2 . For MST experiments, fluorescent labeled lipids TopFluor PI(3,5)P2, TopFluor PI(4,5)P2, and TopFluor PI (3, 4, 5) P3 were mixed with DOPC at the stated ratios. Rehydrated lipids were extruded through polycarbonate membranes with 100 nm pore size (Avestin) using a mini-extruder and following the manufacturers' manual (Avanti Polar Lipids Inc.) to a final lipid concentration of 500 M. The diameter of the prepared liposome was determined by dynamic light scattering to be 120 Ϯ 20 nm. 
MST
Preparation of nanodiscs and liposomes for NMR
The MSP1D1 protein was used to make nanodiscs (97) . The pGBHPS-MSP vector encoding membrane scaffold protein (MSP) variant 1D1 was obtained from AddGene. MSP1D1 was expressed and purified according to established protocols (98, 99) . Briefly, MSP1D1 was expressed in E. coli (BL21) grown in Terrific Broth, and 37°C and when A 600 reached 2.0, protein expression was induced with 1 mM isopropyl 1-thio-␤-D-galactopyranoside for 1 h followed by a 2.5-h incubation at 28°C. MSP1D1 was purified using nickel-nitrilotriacetic acid-agarose (Qiagen) resin, and His tag was cleaved with tobacco etch virus protease and further purified as described elsewhere (52, 100) . The efficiency of cleavage was monitored using SDS-PAGE to be Ͼ90%. For the nanodisc preparation, PIs, PE-DTPA, and DOPC were mixed at a molar ratio of 10:5:85. The lipid solution was dried under nitrogen, followed by drying under high vacuum for at least 4 h to remove the residual organic solvent. The dry film was solubilized in 100 mM cholate in the NMR buffer (20 mM Tris-HCl, 20 mM NaCl, 2 mM TCEP, and 4 mM MgCl 2
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and 0.01% NaN3, pH 7.4) to a final phospholipid concentration of 36 mM. The solution was subjected to three freeze/ thaw cycles, vortexed, and sonicated to clarity in an ultrasonic bath. MSPD1 was added to this lipid solution at a lipid: protein molar ratio at 80:1. The lipid-protein mixture was incubated for 1 h with gentle rotation at 20°C. Immediately following the incubation, sodium cholate was removed from the MSPD1-lipid mixture by three sequential dialyzes against NMR buffer. After the dialysis step, nanodiscs were further purified by size exclusion chromatography in NMR buffer on Superdex 200 10/300 (GE Healthcare). Finally, nanodiscs were concentrated using Amicon centrifugal units of 10-kDa MWCO to the desired concentration of ϳ250 M NMR experiments. The nanodiscs were measured with dynamic light scattering and found to have an average diameter of 10 Ϯ 1.8 nm.
For the NMR experiments that detect binding via paramagnetic relaxation enhancement (PRE), nanodiscs and liposomes were prepared as above but were supplemented with 3.5% 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-diethylenetriaminepentaacetic acid (gadolinium salt; PE-DTPA (Gd 3ϩ )). The DOPC, PI(4,5)P2, PI(3,5)P2, PI(3,4,5)P3, as well as PE-DTPA (Gd 3ϩ ) lipids were purchased from Avanti Polar Lipids. In NMR experiments, four kinds of samples were used: DOPC; DOPC ϩ PE-DTPA (Gd 3ϩ ) (96.5:3.5); DOPC ϩ PIP2 (90:10); and DOPC ϩ PIP2 ϩ PE-DTPA (Gd 3ϩ ) (86.5:10:3.5). Data from NMR experiments carried out with DOPC liposome and DOPC ϩ PE-DTPA (Gd 3ϩ ) were used as a control, validating that there is no significant interaction of K-Ras with nanodiscs or liposomes that consisted of DOPC lipid only (i.e. have no PIP2 component).
NMR spectroscopy
NMR spectra for K-Ras interaction with lipids using lipid headgroups and nanodiscs were recorded at 25°C on a Bruker Avance II 800 MHz spectrometer equipped with a TXI cryoprobe. To improve the spectra quality, the NMR spectra for the K-Ras interaction with lipids using liposomes were recorded at 37°C, yielding sharper lines and apparently, slightly more dispersed spectra. Although, the G12V mutant, the normally constitutively active protein, was used throughout, spectra at both temperatures closely correspond to the GDP form. All NMR measurements were carried out in NMR buffer (see above). For experiments using the lipid headgroup Ins(1,4,5)P3, the concentration of K-Ras protein was 150 M, and the protein:IP3 ratio was to 1:3. In NMR experiments using nanodiscs as membrane mimetic, the concentration of K-Ras4B protein was 80 M, the ratio of protein to nanodiscs was 1:1.2 (ratio of protein to total lipids is 1:96). In NMR experiments using liposomes, the concentration of K-Ras4B protein was 80 M, the ratio of protein to the total lipid concentration of the liposomes was 1:100 (with 10 lipids as PIP2). The spectra were collected with 1024 ϫ 180 (F1 ϫ F2) points and 32, 80, and 96 scans and were processed with NMRPipe (101) and analyzed with Sparky software (Goddard TD and Kneller DG, SPARKY 3, University of California, San Francisco, CA).
Analysis of line broadening and chemical shift perturbation for NMR experiments
For PRE measurements, the peak intensities in the spectrum of K-Ras, in the presence of nanodiscs or liposomes containing PE-DTPA (Gd 3ϩ ), were compared with those of a control sample prepared without spin label. The cross-peak intensities were measured using Sparky by Gaussian line fitting. Any small difference in protein concentration between samples was corrected by normalization of the calculated intensity ratios against the highest observed I*/Io (where I* is the peak intensities in the spectrum of K-Ras in the presence of nanodiscs or liposomes incorporating 3.5% PE-DTPA (Gd 3ϩ ), and Io is that in the paramagnetic ion-free nanodiscs or liposomes). The weighted average chemical shift perturbation were calculated as: ⌬␦avg ϭ [(⌬␦H) 2 ϩ (⌬␦N/5) 2 /2] 0.5 . Ab initio NMR assignment of small GTPases are typically challenging projects (e.g. Cao et al. (102) . Because the chemical shift perturbations of most resonances were small from the published NMR assignment for human K-Ras (residues 1-166) in the GDP-bound form at a physiological pH of 7.4 (46) , assignments could be transferred with high confidence for the dispersed signals. Peaks that could not be assigned this way were in the crowded center of the spectrum and were followed as unassigned (UN) and are nevertheless, informative. All peak intensities were given uncertainties relative to spectral baseline noise and those uncertainties were propagated to the peak intensity change ratios plotted.
Molecular dynamics simulations
A membrane consisting of 284 POPC and 16 PIP2 lipid molecules was generated by the program/website CHARMM-GUI (103) . The membrane was equilibrated for 100 ns at 310 K in solvent with counterions. Simulations were carried out with full-length K-Ras, which was adopted from a previous publication (40, 42) and was originally built by ligating the crystal structure of G12D K-Ras (PDB 4DSO, residues 1-173) to a K-Ras4B HVR and lipid anchor (tK, residues 174 -185). This structure was chosen because it extends the C-terminal helix to residue 173 and for the results to be comparable to other simulations. The parameter for the farnesyl group at the C-terminal of the HVR region was produced by the CHARMM generalized force field (CGenFF) (104) . Previously, Prakash and co-workers (40, 66) showed that K-Ras4B.G12D populates two major orientations relative to the membrane (OS1 and OS2). These were provided to us and adopted here with a D12V mutation, as the initial configurations. As before, the farnesyl group was preinserted into the membrane (42) . The CHARMM36 force field including the CMAP correction was applied to the system (105, 106) . The TIP3P model was used for water. The system was neutralized and provided a near-physiological ion concentration of 0.15 M NaCl. In the all-atom simulations, the electrostatic interaction was treated by the Particle-Mesh Ewald method. The van der Waals interaction was cut at 1.2 nm. The time step was set as 2 fs. Temperature was coupled by using Langevin thermostat at 310 K, whereas pressure was 1 bar controlled by the semi-isotropic Langevin scheme. All these systems ran for the first 30 ns using the NAMD/2.10 package (107),
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and then were transferred to the Anton supercomputer (108) for another 350 ns of simulation.
GTP hydrolysis assays
The kinetics of GTP hydrolysis were measured by monitoring the release of P i using a fluorescently labeled, phosphatebinding protein sensor, as previously described (109). 2 M K-Ras.GTP (loaded as described above) was incubated with 2 M MDCC phospho-binding proteins (Thermo Scientific) until the baseline was stabilized (2-3 min). 75 nM p120-GAP was added to the reaction. Released P i was monitored as changes in the fluorescence over time. The fluorescence was measured with excitation at 425 nm (5 nm bandwidth) and emission at 465 nm (7 nm bandwidth) in a Tecan Infinite M1000 microplate reader. All experiments were done in triplicates, and data shown represent averages and standard deviations. Reported values derive from the initial velocity of the hydrolysis reaction (fluorescence change over the first 5 min after mixing), and the relative activity (fold-difference between initial velocity with versus without p120-GAP, or mutants versus WT K-Ras).
Nucleotide exchange assays
Nucleotide exchange reaction was measured by monitoring the time-dependent fluorescence change of mant-GDP as it occupies the Ras nucleotide-binding pocket (110). 2 M K-Ras. GTP was incubated with 1.25 M mant-GDP (Jena Bioscience) in 20 mM HEPES, 50 mM NaCl, 4 mM MgCl 2 , 0.5 mM TCEP, pH 7.5, at 25°C for 5 min for the baseline to stabilize. 200 nM SOS was added to the reaction and GEF activity was monitored by the fluorescence change of mant-GDP (excitation: 355 nm, emission 448 nm) over 30 min in a Tecan Infinite M1000 plate reader at 25°C. Again the initial rates were used for assessment of the exchange kinetics. All experiments were done in triplicates. Data shown are averages and standard deviations. For each protein the initial rate and rate in the control were calculated (initial rate with versus without SOS, or mutants versus WT K-Ras).
Focus formation in cell assay
Approximately 250,000 NIH3T3 cells were seeded in triplicate in 35-mm dishes in Dulbecco's modified Eagle's medium containing 10% calf serum. The next day, the cells were transfected with 250 ng of the indicated K-Ras allele cDNA in the pCEFVL plasmid or together with 3 g of empty pCEFVL vector using polyethylenimine (PEI; Polysciences Inc.) according to published protocol (55) . Transfection mixture contained 3 l of PEI, 1 g of DNA/well in serum-free medium. After 24 h, each well was transferred into triplicate 10-cm dishes and grown in Dulbecco's modified Eagle's medium containing 2% calf serum for 2 weeks. The medium was replaced every 2 days. After washing with PBS, cells were fixed with 3.7% paraformaldehyde for 15 min, stained with crystal violet, and visible foci (Ͼ2 mm) were manually counted under a microscope. Values reported are averages of triplicate transfections and associated standard deviations.
Fluorescence microscopy
NIH3T3 cells were grown on collagen-coated coverslips, transfected with the indicated K-Ras constructed using PEI as described above, and cultured in serum-free medium for 17 h. After washing, cells were fixed in 3.7% paraformaldehyde, they were permeabilized with 0.2% Triton X-100, blocked with 2% BSA, and stained with anti-K-Ras antibody (clone 3B10 -2F2, Abnova). Actin cytoskeleton was stained with Alexa Fluor 555conjugated phalloidin. Slides were imaged on a Keyence BZ-X 700 fluorescence microscope.
